Quantum communication is a secure way to transfer quantum information and to communicate with legitimate parties over distant places in a network. Although communication over a long distance has already been attained, technical problem arises due to unavoidable loss of information through the transmission channel. Quantum repeaters can extend the distance scale using entanglement swapping and purification scheme. Here we demonstrate the working of a quantum repeater by the above two processes. We use IBM's real quantum processor 'ibmqx4' to create two pair of entangled qubits and design an equivalent quantum circuit which consequently swaps the entanglement between the two pairs. We then develop a novel purification protocol which enhances the degree of entanglement in a noisy channel that includes combined errors of bit-flip, phase-flip and phase-change error. We perform quantum state tomography to verify the entanglement swapping between the two pairs of qubits and working of the purification protocol. 
Introduction
Quantum communication [1] [2] [3] [4] is one of the secure ways to send unknown quantum states from one place to another and transfer secret messages among the parties. Photonic channels [5] [6] [7] [8] [9] [10] [11] have been found a significant attraction for the physical implementation of quantum communication. The secret messages can be potentially transmitted through the photonic channel by using quantum cryptography [12] [13] [14] , that plays a key role in building a quantum network [15] [16] [17] . The mechanism of quantum communication lies in generating entangled states [18] [19] [20] [21] [22] between distant parties, which is a difficult task to achieve practically 23 . Using entangled channel, quantum teleportation protocol [24] [25] [26] [27] [28] can be performed securely over a long distance. However, the degree of entanglement between distant parties decreases exponentially over a photonic channel even after using a purification scheme 29 . Hence, it becomes nearly impossible to keep intact the entangled state over a large scale distance.
Efficient long distance communication over the distances of the order 1000 km has remained an outstanding challenge due to loss errors in the communication channel. Quantum repeaters (QRs) have been proposed as promising candidates to overcome this problem. The purpose is to divide the whole distance into smaller segments with a length comparable to the attenuation length of the channel and establishing Quantum repeater stations [30] [31] [32] [33] [34] at each segment. This requires generation and purification of the entanglement for each segment and then transmission of the pu-rified entanglement 35 to the next segment through entanglement swapping 5, 24, 36, 37 . The process of entanglement swapping and purification between two consecutive segments need to be repeated a large number of times until the entangled channel has been prepared with a high fidelity. To increase the fidelity of entangled state through the channel, quantum repeaters are introduced by Briegel, Dür, Cirac and Zoller (BDCZ) 6 , which could in principle be used to preserve the entangled state with a fidelity close to unity. Other useful techniques such as heralded entanglement generation (HEG) 6, 38 or quantum error correction (QEC) 32, 33, 39, 40 have been applied to get rid of loss or operational errors 41 in the communication channel. Muralidharan et al. 41 have listed a number of methods to overcome loss or operation errors and have classified three generations of quantum repeaters. Among all the methods, quantum error correction is a novel one as it can be used in all the generations of quantum repeaters as a purification protocol. Illustration of entanglement swapping and purification at each node fails to provide a complete demonstration of a quantum repeater protocol 42, 43 . A quantum memory 44, 45 is in fact needed to store the entangled state of each repeater station, which is a great challenge to establish. However, Yuan et al. 46 have developed the scheme of a quantum memory while realizing the BDCZ quantum repeater, where, the process of entanglement swapping has been integrated with quantum memory for storage and retrieval of each segment state after the process of purification.
IBM has developed prototypes of 5-, 16-, 20-and 50-qubit quantum computer 47 , which has attracted the attention of a large number of researchers working in various sub-field of quantum computation and quantum information. A number of experiments have been tested and verified using 5-qubit and 16-qubit quantum computer [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . Here, we use IBM's 5 qubit quantum processor
'ibmqx4' to demonstrate the working of a quantum repeater. We entangle two pairs of superconducting qubits 66 and design a quantum circuit which could in principle equivalently perform the main operations of a quantum repeater, i.e., entanglement swapping and entanglement purification.
We introduce errors in the channel for generating unpurified entangled state and apply purification protocol on the erroneous channel that leads to the enhancement in the fidelity of the entangled state. It is to be mentioned that the entangled state is stored in the qubits of ibmqx4. The information about the entangled state can be retrieved by using an ancilla 67 representing another superconducting qubit. Hence, ibmqx4 can act as a quantum memory for storage and retrieval of information about the entangled state at each repeater node. In the transmission channel, if at every station, a quantum computer could be placed then that can act as a quantum repeater node.
Therefore, quantum communication can be securely achieved by the help of quantum computers connected over the quantum internet [15] [16] [17] in a quantum networking environment.
Results
Experimental Setup: The experimental parameters of ibmqx4 chip are presented in Table 1 , where
and T 2 represent the resonance frequency, qubit frequency, anharmonicity, qubitcavity coupling strength, relaxation time and coherence time respectively for the readout resonator.
The connectivity and control of five superconducting qubits (Q0, Q1, Q2, Q3 and Q4) are depicted in Fig. 1 (b) . The single-qubit and two-qubit controls provided by the coplanar wave guides (CPWs) are shown by black and white lines respectively. The device is cooled in a dilution refrigerator at temperature 0.021 K. The qubits are coupled via two superconducting CPWs, one coupling Q2, Q3 and Q4 and another one coupling Q0, Q1, Q2 with resonator frequencies 6.6 Hz and 7.0 Hz respectively. The qubits are controlled and read out by individual CPWs.
Entanglement Swapping: Entanglement swapping and purification of entanglement are the two main operations of a quantum repeater. We present the two schemes along with their experimental realization in the IBM quantum computer, ibmqx4. Entanglement swapping between two repeater stations is an essential condition for transferring information to distant places. This process can be understood by considering three parties, Alice, Bob and Charlie. We consider two entangling pairs of qubits, , meaning the entanglement between Alice and Charlie, and Bob and Charlie respectively. We design an equivalent quantum circuit that performs entanglement swapping between the above two pairs of qubits so that A 1 ,A 2 and B 1 ,B 2 get entangled. Now, Alice and Bob got entangled while Charlie's two qubits also got entangled. The above scheme is depicted in Fig. 3 .
The process of entanglement swapping is presented as the following calculation. The initial Qubits ω state of the whole system is denoted as,
After sequentially applying CNOT 3→2 , CNOT 2→3 and CNOT 1→4 , the final state is obtained as,
Here, CNOT a→b is applied on the target qubit b, where a acts as the control qubit. The quantum circuit for the above operation is shown in Fig. 3 . It is to be pointed that the two protocols given in Ref. 59 have been used to design the quantum circuit in ibmqx4.
We perform quantum state tomography to characterize the quantum states 65, 68, 69 obtained in our experiment. This technique includes a comparison between theoretical and experimental density matrices.
The theoretical density matrix of the initially prepared quantum state is given by,
and the expression for the experimental density matrix for two qubit system is represented as,
where
and the indices i 1 and i 2 can take values 0, 1, 2 and 3 corresponding to I, X, Y and Z Pauli matrices respectively. The Stokes parameters are described as, 
where P represents the probability for the corresponding bases given in the subscript.
The fidelity 70 between ideal and prepared arbitrary states of qubits A and B is calculated from,
The comparison among the density matrices for the above two cases are illustrated in Figs. 3 The results are obtained after applying the entanglement swapping protocol shown in Fig. 3 and measuring the qubits q [1] and q [3] .
rection codes are used as entanglement purification protocol. In this scheme, we introduce noise in the channel to replicate the loss and operational errors which happen in a realistic situation.
All types of errors i.e., combined error of bit-flip, phase-flip and phase-change errors are taken into account to make the channel noisy. Three single qubit gates X, U1(π) and U1(0.125) are used for introducing bit-flip, phase-flip and phase-change errors respectively. The purification protocol is designed such that it can correct all types of errors in the noisy channel. The scheme uses Hadamard gates (H), phase gate (U1(-0.125)) and CNOT gates and more importantly a single ancilla quibit to rectify the introduced errors. The initial state is given as follows,
After introducing all types of errors, the unpurified state becomes
Applying the bit-flip, phase-flip and phase-change error correction codes, the purified state is |00 − e iφ |11 √ 2 (bit-flip error correction)
|00 + e iφ |11 √ 2 (phase-flip error correction)
The fidelity before purification was F BP =0.2891 and after purification it improves to F AP =0.8456.
The experimental result (See Fig. 7) confirms that there is a high degree of entanglement in the channel after the purification.
q [2] q [3] q [4] clearly demonstrates the successful implementation of the purification protocol.
Conclusions
To conclude, we have explicated here the efficient processes of entanglement swapping 5, 24, 36, 37 and entanglement purification scheme 32, 33, 39, 40 , two integral components of a Quantum Repeater, using superconducting qubits in IBM quantum computer (ibmqx4). Firstly, we have designed a quantum circuit which essentially swaps the entanglement between Alice, Bob and Charlie where Furthermore, establishing quantum memory to store the entangled state is a challenging task 6 .
Here, IBM quantum computer serves the purpose of a quantum memory by storing and retrieving the entangled states at each repeater node. Hence, we have successfully demonstrated a scheme of a Quantum Repeater for secure communication over a long distance in a quantum network.
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